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The mineralization of diclofenac and acetaminophen has been studied by single anodic oxidation with
boron-doped diamond (AO-BDD) using an undivided electrolysis cell, by single heterogeneous catalytic
photolysis with titanium dioxide (HCP-TiO2) and by the combination of both advanced oxidation pro-
cesses. The results show that mineralization can be obtained with either single technology. The type of
functional groups of the pollutant does not inﬂuence the results of the single AO-BDD process, but it has
a signiﬁcant inﬂuence on the results obtained with HCP-TiO2. A clear synergistic effect appears when
both processes are combined showing improvements in the oxidation rate of more than 50% for diclo-
fenac and nearly 200% for acetaminophen at the highest current exerted. Results obtained are explained
in terms of the production of oxidants on the surface of BDD (primarily peroxodisulfate) and the later
homogeneous catalytic light decomposition of these oxidants in the bulk. This mechanism is consistent
with the larger improvement observed at higher current densities, for which the production of oxidants
is promoted.
© 2016 Chinese Institute of Environmental Engineering, Taiwan. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In recent years, a large number of research groups around the
world have conducted investigations on the detection and removal
of pharmaceutical compounds, such as analgesics, anti-
inﬂammatories, anti-microbials, antiepileptics, beta-blockers, es-
trogens and lipid regulators, typically found as emerging pollutants
in surface water, ground water (including drinking water) and in-
dustrial wastewaters at concentrations ranging from a few mg L1 to
several mg L1 [1e3]. In developing countries, such as Mexico, the
management of these pollutants is not regulated and, therefore,
they are continuously discharged into the environment without
any treatment. Consequently, they do not undergo any signiﬁcant-Hernandez).
Institute of Environmental
l Engineering, Taiwan. Production
d/4.0/).degradation in industrial wastewater treatment facilities or in
conventional urban wastewater treatment plants.
Diclofenac and acetaminophen are two common drugs used to
treat various diseases in human beings. Diclofenac (sodium salt (2-
[2-(2,6-dichlorophenyl) aminophenyl] acetate ion)), is one of the
most common non-steroidal anti-inﬂammatory drugs. It is widely
used for controlling renal colic and protecting against recurrent
urinary calculi, and it is also present in numerous pharmaceutical
preparations to treat other various diseases. As a result of its
resistance to biodegradation, it is one of the pollutants most
frequently detected in groundwater, rivers and lakes around the
world with concentrations in the environment as high as 4.4 mg L1
[4e6]. Acetaminophen (paracetamol), N-(4-hydroxyphenyl) acet-
amide is a drug with analgesic properties. It inhibits the synthesis
of prostaglandins, cellular mediators responsible for the onset of
pain. It also has antipyretic effects. It is usually presented in the
form of capsules, tablets, suppositories or oral drops.
In the search for efﬁcient ways to remove these pollutants,
several technologies have been used, highlighting the electro-
chemical processes, such as electro-oxidation, also known asand hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
Fig. 1. Diclofenac (a) and acetaminophen (b).
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containing anthropogenic organic pollutants [7]. When using a
proper anode material, this process acts as an advanced oxidation
process (AOP) that permits the electrochemical degradation of
pollutants with free hydroxyl radicals (OH) generated on the sur-
face of high O2-overvoltage anodes [8]. The best anodes for this
procedure are non-active boron-doped diamond (BDD) thin-ﬁlm
electrodes because they interact very weakly with the phys-
isorbed OH produced by Eq. (1) [9].
BDDþH2O/BDDðOHÞ þ Hþ þ e (1)
AO with BDD (AO-BDD) presents advantages with respect to
other electrochemical technologies from the point of view of efﬁ-
ciency, stability and performance [10e13]. The production of
powerful oxidants during the treatment of wastewater can expand
the oxidation from the electrode surface to the bulk and thereby
enlarge the efﬁciency of the electrolysis. However, the main
drawback is the loss of efﬁciency when applied to lowly concen-
trated waste because of mass transfer limitations commonly asso-
ciated with electrochemical technologies, in which the main
processes do not occur in the bulk but on the electrode surfaces. For
this reason, this technology is commonly recommended for a
pollutant concentration range between 1500 and 20,000 ppm of
Chemical Oxygen Demand (coarse removal of pollutants from an
industrial wastewater), for which the current efﬁciency is usually
close to 100% [14]. For lower concentrations, combination with
other AOP is suggested in order to increase the efﬁciency by acti-
vating oxidants or producing new oxidants in the bulk.
One of these technologies is heterogeneous catalytic photolysis
with titanium dioxide (HCP-TiO2). This process is developed when
semiconductor materials, such as TiO2, are irradiated with light
with energy higher than their band-gap energy [15]. The catalyst is
suspended (slurry) directly in the solution to be treated, and this
irradiation produces excited high-energy states of electron and
hole pairs (Eqs. (2)e(5)). Technological interest in TiO2 (band-gap
energy ¼ 3.2 eV) has focused on its photocatalytic and hydrophilic
properties because it is highly reactive, nontoxic, relatively inex-
pensive and chemically stable [16,17].
TiO2 þ hv/ecb þ hvbþ (2)
hvb
þ þ H2O/OHþHþ (3)
hvb
þ þ HO/OH (4)
hvb
þ þ R/Roxþ (5)
A current hot topic in the electrolysis of organics is the combi-
nation with other effective treatments, looking for synergistic in-
teractions [18,19]. However, to the knowledge of the authors, very
few of these works have focused on combining AO-BDD with TiO2
photocatalytic processes. This paper aims to be a comparative study
of the mineralization of diclofenac and acetaminophen by single
AO-BDD, single HCP-TiO2 and the combination of both technolo-
gies. Special attention has been paid to the assessment of syner-
gistic interactions between both technologies.
2. Materials and methods
In Fig. 1 is shown the chemical structure for diclofenac and
acetaminophen. Both reagents (of reactive grade from Sigma-
eAldrich) were used in the experiments as received. The anhydrous
sodium sulfate used to prepare the electrolyte and/or the buffer
medium of pH 6.5 was of analytical grade from J.T. Baker andPanreac. Solutions were prepared with high-purity water from a
Millipore-Elixsystem, with resistivity  18 MU cm at 25 C. Tita-
nium dioxide (P25) was purchased from Degussa.
The solution pH was measured with a Crison 2000 pH meter.
Samples extracted from treated solutions were ﬁltered with
0.45 mm PTFE ﬁlters from Whatman prior to analysis. The degra-
dation of drug solutions was monitored by the removal of total
organic carbon (TOC), measured on a Shimadzu TOC-L analyzer.
Assays were conducted in a one-compartment, thermostated
cylindrical glass cell containing a 1 L solution vigorously stirred
with a magnetic bar. The anode was a 5 cm2 BDD thin ﬁlm
deposited on a conductive niobium plate, and the cathode was a
5 cm2 stainless steel (AISI 304) sheet. The interelectrode gap was
0.5 cm. Solutions containing up to 170 mg L1 diclofenac and
190 mg L1 acetaminophen and 0.05 M Na2SO4 at pH 6.5 were
treated at constant currents of 0.5, 1.0, and 1.5 A at 35 C. A BK
Precision DC Regulated power supply was used to supply electricity.
Photocatalytic tests were performed by adding 100 mg L1 TiO2
catalyst, and the solution was irradiated with a Philips TL/6W/08
ﬂuorescent black light blue tube of l ¼ 360 nm and
intensity ¼ 75 mW cm2.3. Results and discussion
3.1. AO-BDD
The degradation of the two drug solutions was performed by
AO-BDD at three different current densities (100, 200 and
300 mA cm2). The results in terms of mineralization are shown in
Fig. 2. Both pollutants are efﬁciently mineralized during the elec-
trolysis, as can be observed in Fig. 2a for diclofenac and in Fig. 2b for
acetaminophen.
Initially, the pollutants are expected to be destroyed by the
direct or mediated action of the adsorbed OH formed as an inter-
mediate during the oxidation of water to oxygen on the surface of
the conductive diamond coatings, according to Eq. (1). This pro-
duction was demonstrated a decade ago [20] with several speciﬁc
reactions, i.e., with 5,5-dimethyl-1-pyrroline-N-oxide using spin
trapping for the detection of hydroxyl radicals and with salicylic
acid using electron spin resonance and liquid chromatography
measurements. These results were signiﬁcant because they allowed
electrolysis to be considered as an AOP. Free radical OH is a non-
selective, strong oxidizing reagent that can react with most
organic compounds in an efﬁcient way. However, according to the
results obtained in various AOPs, such as Fenton oxidation, inwhich
OH is the main oxidant participating in the oxidation of pollutants;
this oxidation is not effective for the mineralization because there
are some carboxylic acids remaining. This is not the case with AO-
BDD because, in this particular case, the total mineralization [21] of
the organic species is demonstrated, regardless of their functional
groups. To explain this better performance, in addition to the direct
oxidation of organics by hydroxyl radicals, it should be considered
that alternatively to the attack on organic molecules, hydroxyl
radicals can combine with other species, such as sulfate, to form
more stable oxidants, such as peroxosulfates, which can expand the
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Fig. 2. Mineralization obtained by AO-BDD during the treatment of a) acetaminofen
(full points) and b) diclofenac (empty points) solutions at 100 (A,>), 200 (-,,) and
300 (:, △) mA cm2. Experimental conditions: 1 L of diclofenac 170 mg L1, acet-
aminophen 190 mg L1 solution in 0.05 M Na2SO4 at pH 6.5 and 35 C using a 5 cm2
electrode area.
Table 1
Kinetic constants for the mineralization of diclofenac and acetaminophen.
j (mA cm2) Diclofenac
k (min1)
R2 Acetaminophen
k (min1)
R2
100 0.004 0.943 0.004 0.979
200 0.005 0.929 0.005 0.944
300 0.006 0.995 0.006 0.972
J.M. Peralta-Hernandez et al. / Sustainable Environment Research 26 (2016) 70e7572oxidation of organics during electrolysis from near the electrode
surface to the bulk [22]. This reaction starts with the formation of
the peroxosulfate radical, as proposed in Eq. (6). Then, this radical
can be chemically combined with other radicals to yield perox-
odisulfate anion (Eq. (7)) or with other hydroxyl radicals to form the
monoperoxosulfate anion (Eq. (8)). Likewise, hydroxyl radicals can
be recombined and produce hydrogen peroxide (Eq. (9)), and they
can even oxidize oxygen to ozone.
HSO4
 þ OH/SO4
 þ H2O (6)
SO4
 þ SO4
/S2O8
2 (7)
SO4
 þ OH/HSO5 (8)
2 OH/H2O2 (9)
Hence, the efﬁcient production of these hydroxyl radicals is a
key factor in explaining the results of the electrolysis, and, for this
reason, it is accepted that the oxidation ability of the electrolysis
depends on the anode used and the efﬁcient production of hydroxyl
radicals on its surface [23,24]. The BDD electrode is the most efﬁ-
cient anode for the mineralization of organics because it possessesgreater O2-overpotential than other anodic materials, thus gener-
ating a greater amount of oxidant OH, and also because of its
inertness with respect to the occurrence of species on its surface
that could be oxidized by hydroxyl radicals [25,26].
Taking into account thesemechanistic remarks and coming back
to Fig. 2, diclofenac and acetaminophen solutions treated by elec-
trochemical oxidation with BDD were progressively degraded
following a marked exponential trend, characteristic of this type of
electrochemical processes and commonly explained in terms of:
 Diffusion limitations, because the direct action of hydroxyl
radicals occurs near the electrode surface due to their very short
lifetimes, and from the kinetic point of view, the process be-
haves as a mass transport controlled process [27] limited by a nil
concentration of TOC on the surface of the electrode
(TOCsurface ¼ 0), according to Eq. (10). It is not possible from a
practical point of view to distinguish between direct electro-
chemical oxidation processes and processes directly mediated
by hydroxyl radicals.
r ¼ k1 A 

TOCbulk  TOCsurface

¼ k  TOCbulk (10) Mediated oxidation in the bulk, because these radicals are
known to be efﬁciently combined with sulfate anions to form
peroxosulfates with a much longer average lifetime than hy-
droxyl radicals [22]. Alternatively, hydrogen peroxide could also
be formed by recombination of hydroxyl radicals. These new
oxidants can be transported to the bulk and chemically oxidize
organic matter. The results of this chemical oxidation are well-
ﬁtted by a pseudo-ﬁrst order kinetic approach considering
that the concentration of oxidants reaches a steady state con-
centration [28] during the electrolysis (Coxidant ¼ k2)
r ¼ k2Coxidation TOCbulk ¼ k TOCbulk (11)
The current density is a key parameter in AO-BDD because it
regulates the amount of oxidant BDD (OH) produced from Eq. (1),
as can be observed in Fig. 2. An increase in the current applied al-
ways led to a higher degradation rate. To compare the results and
taking into account the exponential-shape of the curve, the TOC
results were ﬁtted to a ﬁrst-order kinetic decay, as suggested by
Eqs. (10) and (11). The kinetic constants obtained are shown in
Table 1. The kinetic constants are almost identical for both pollut-
ants, suggesting that the functional groups of the molecules have
only a small inﬂuence on the results. In addition, the kinetic con-
stants increase with the current applied but not in a linear way (if it
is considered that for 0 A, the resulting kinetic constant is 0),
suggesting some sort of limitation at high current densities.
The higher degradation rate observed with increasing current
applied can be associated with the concomitant acceleration of Eq.
(1), thereby generating larger quantities of BDD (OH) that destroy
faster the organic compounds [11]. In addition, an increase in the
cell potential associated with an increase in the current density is
known to have a drastic effect on the production of hydroxyl rad-
icals and to affect signiﬁcantly the production of oxidants. This
J.M. Peralta-Hernandez et al. / Sustainable Environment Research 26 (2016) 70e75 73positive effect of the current density on the production of oxidants
has been described in the literature for many oxidants, such as
mono and peroxodisulfate [2], in studies in which the measure-
ment of persulfate is performed in an organic-free solution in order
to prevent reaction with the organic matter.
Consequently, the results of AO-BDD could be explained by the
joining effect of many oxidation processes, and the chemical struc-
ture of the pollutant under the middle concentrations contained in
synthetic wastewater, seems not to be signiﬁcantly affected.
3.2. AO-BDD combined with TiO2 photocatalytic processes
Fig. 3 shows the changes in the TOC when the electrochemical
treatment is complemented with a simultaneous photocatalytic
process consisting of irradiating suspended TiO2 with UV light
(HPC-TiO2). This ﬁgure also shows the results obtained by the single
photolytic technology.
The single photolytic technology can also decrease the organic
load of the synthetic waste; however, the performances observed
are completely different from that observed with the AO-BDD and
much lower in terms of mineralization efﬁciency. Thus, minerali-
zation below 23% for diclofenac and 13% for acetaminophen is ob-
tained after the same treatment time with the single photolytic
technology, less than half of that obtained with the less efﬁcient
electrolytic system. Likewise, in contrast to electrolysis, there is a0
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Fig. 3. Mineralization obtained by single HCP-TiO2 (B,C) and by combined AO-BDD/
HCP-TiO2 during the treatment of a) acetaminophen (full points) and b) diclofenac
(empty points) solutions at 100 (A, >), 200 (-, ,) and 300 (:, △) mA cm2.
Experimental conditions: 1 L of diclofenac 170 mg L1, acetaminophen 190 mg L1
solution in 0.05 M Na2SO4 at pH 6.5 and 35 C adding 100 mg L1 TiO2 catalyst and
using 5 cm2 electrode area.signiﬁcant difference in the mineralization rate of both pollutants,
and diclofenac is more efﬁciently mineralized than acetaminophen
using photolytic technology.
The results also demonstrate that when AO-BDD is coupled with
the photolytic process, the changes in the TOC are different than
those obtained in the case of the single AO-BDD. The efﬁciency is
greatly enhanced, and the results depend on the chemical structure
of the organic species oxidized. In Table 1, it is possible to observe
the changes in the pseudo-ﬁrst kinetic constants obtained by
mathematical ﬁtting of the experimental results (in the two tech-
nologies applied to both pollutants) as a function of the current
exerted. As indicated in Table 1, when TiO2 is added with light
irradiated, strong differences appear. These differences depend on
the pollutant functional groups and indicate that diclofenac is more
easily oxidized than acetaminophenwith the photolytic process, as
well as when current is applied. The presence of highly reactive
chloro- and carboxylic acid groups in diclofenac may explain the
difference in the reactivity of both chemical species.
In this context, to assess the potential synergistic effects of the
combination of technologies, the difference between the kinetic
constant of the combined process and the sum of the kinetic con-
stants of the single electrolytic and photolytic processes is demon-
strated. Except for diclofenac at the lowest current density, there is a
clear synergistic effect of combining both technologies because the
difference is positive. In addition, there is an almost linear increase
in this difference with the increase in the current density, which
suggests that synergism is enhanced at higher current densities
only in conditions in which more oxidants are produced in the re-
action media. Hence, the combination of technologies could be
important for improving the efﬁciency in the treatment of waste-
water with typical concentrations of organic pollutants because the
process is strongly dependent on the functional groups of the
pollutant and is enhanced at higher current densities.
These preliminary results are of a great signiﬁcance because
they demonstrate that the degradation rate at average concentra-
tions of diclofenac can be improved by more than 50% with respect
to the addition of the single processes and by 200% for acetamin-
ophen (in which the single photolysis does not yield a good efﬁ-
ciency and the percentage differences are higher).
Diclofenac degradation has been previously studied using
sonolysis between 24 and 850 kHz in the presence of TiO2, SiO2,
SnO2 and titanosilicate as catalysts [29], ozonation [30], TiO2/UV
[31], electrolysis [5] and solar photo-Fenton [32]. Signiﬁcantly
different results were obtained depending on the technology,
suggesting that oxidation of the molecules is strongly dependent
on the oxidant. In addition, the low mineralization indicated the
refractory character of the molecule. With respect to acetamino-
phen treatment, different authors tested the decay using electrol-
ysis with Ti/SnO2, Ti/IrO2, Ti/RuO2 and BDD, obtaining much better
results than those obtained in the degradation of diclofenac. The
results were strongly dependent on the electrode used and on the
characteristics of the oxidants produced [33,35].
Initial explanation of this clear synergistic effect on the results
between the two technologies studied in this work could be related
to the chemical interaction between different species formed and
also to the homogenous photocatalytic processes related to the
degradation of persulfate when light is irradiated. As previously
reported [36], light irradiation promotes the production of sulfate
radicals from persulfate (Eq. (6)) [37,38], and sulfate radicals react
typically 103e105 times faster than the persulfate anion [34]. Due to
the higher stability of the persulfate anion, its lifetime is high
enough to allow the system to have a high concentration in the
bulk, and this photolysis results in a very effective process because
the oxidation process is not conducted near the anode surface but
rather in the bulk.
J.M. Peralta-Hernandez et al. / Sustainable Environment Research 26 (2016) 70e7574S2O8
2!hy 2SO4 (12)
In addition to the effect of peroxosulfates, other oxidants are
decomposed by UV light (Eqs. (7) and (8)), helping to explain the
better results obtained by the irradiation of light because of the
activation of oxidants produced electrochemically [35]. This is the
case with hydrogen peroxide and ozone.
H2O2!hy 2 OH (13)
H2Oþ O3!hy 2 OHþ O2 (14)
The signiﬁcant improvements suggest the important role of
light irradiation and the combination of AOPs to obtain high
mineralization rates in the removal of these compounds, and work
is in progress to determine the impact of this improvement.4. Conclusions
From this work, the following conclusions can be drawn:
 AO-BDD is an efﬁcient technology for the mineralization of
diclofenac and acetaminophen. The decay follows an exponen-
tial shape, and the results could be successfully ﬁtted to a ﬁrst-
order kinetic equation. There is no difference between the
mineralization rates of diclofenac and acetaminophen, and both
are inﬂuenced in the same way by the current density.
 The mineralization rate of diclofenac and acetaminophen by
HCP-TiO2 is slower than that obtained by electrolysis, and the
results depend on the molecule oxidized. Better efﬁciencies are
obtained for diclofenac.
 The combination of AO-BDD and HCP-TiO2 results in interesting
photo-electrochemical technology, which occurs much faster
than expected according to the addition of the results of the
single photolytic and electrochemical processes. This synergistic
interaction becomes more signiﬁcant at higher current den-
sities, suggesting that the effect of light irradiation on the ho-
mogeneous decomposition of oxidants produced by AO-BDD
could be responsible for the improvement. The functional
groups of the pollutant inﬂuences the results of the combined
photo-electrochemical process.Acknowledgments
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